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We systematic investigate the collapse of a set of open-cell nanoporous Cu (np-Cu) with the same
porosity and shapes, but different specific surface area, during thermal annealing, via performing
large-scale molecular dynamics simulations. Surface premelting is dominated in their collapses,
and surface premelting temperatures reduce linearly with the increase of specific surface area. The
collapse mechanisms are different for np-Cu with different specific surface area. If the specific
surface area less than a critical value (∼ 2.38 nm−1), direct surface premelting, giving rise to the
transition of ligaments from solid to liquid states, is the cause to facilitate falling-down of np-Cu
during thermal annealing. While surface premelting and following recrystallization, accelerating
the sloughing of ligaments and annihilation of pores, is the other mechanism, as exceeding the
critical specific surface area. The recrystallization occurs at the temperatures below supercooling,
where liquid is instable and instantaneous. Thermal-induced surface reconstruction prompts surface
premelting via facilitating local “disordering” and “chaotic” at the surface, which are the preferred
sites for surface premelting.
I. INTRODUCTION
Nanoporous metals, with open-cell network structures,
are comprised of interconnected ligaments of nanometer-
scale characteristic dimenstion, resulting in a large sur-
face area. Their stabilities and morphological properties
determine the promising applications as sensors[1], ac-
tuators [2], battery electrodes [3], catalysts [4], and in
biomedicine [5]. During thermal annealing, microstruc-
tural changes, including heating-induced void collapse
and the reduction in volume can be observed by imple-
menting the atomic-scale simulations [6–8] and experi-
ments using electron microscopy and X-ray diffractions
[9–14]. Surface melting, via accelerating the diffusion
of atoms in nanoporous metals, is a dominant factor to
prompt the occurrence of the pinch-off in ligament, the
smooth-out for surface curvature, and the formation of
enclosed voids in ligaments [15, 16]. Consequently, sig-
nificant insights of the phenomenology and underlying
mechanisms of surface melting in metallic nanoporous,
such as the relation between surface configuration and
microstructure evolution, are key issues.
Surface melting was believed to be impossible to super-
heat a crystal above its equilibrium melting point, indi-
cating a premelting [17–19], which has been disproved by
the subsequent studies on melting of instable nanopar-
ticles [20–26] and other nanostructures [27, 28] in ex-
periments and theories. Surface premelting is also ob-
served in nanoporous materials, and melting tempera-
ture was related to the size of pores. A roughly propor-
tional function is shown between the melting tempera-
ture and reciprocal of averaged pore-size, as predicted by
Gibbs-Thomson equation [29], which is consistent with
the experimental reports using nuclear magnetic reso-
nance (NMR) [30] and X-ray diffraction techniques [31]
and the atomistic simulation studies [32–35]. These stud-
ies enriched our knowledge of the melting in nanoporous
materials. However, the thermal-induced variety of sur-
face microstructure, its effect on the melting, and the
collapse processes of nanoporous remain to be revealed.
In this work, we implement a systematic study on the
melting behavior in open-cell nanoporous Cu (np-Cu),
with the same porosity and shape approximately, and
different specific surface areas by performing large-scale
molecular dynamics (MDs) simulations. Cu is chosen
owing to its accordance between experiments and sim-
ulations [36–38], as well as its accurate embedded-atom
method potential [39], which well describes the melting
of Cu [38]. Our simulations reveal that the collapse of np-
Cu is prompted via surface melting, or melting and fol-
lowing recrystallization, which is dependent on the spe-
cific surface area. In particular, our results show that
surface prefers to melt at the disordering sites as the
result of surface reconstruction as the temperature eleva-
tion. The MD methodology are presented in Sec.II, and
results and discussion in Sec. III, followed by summary
and conclusions in Sec.IV.
II. METHODOLOGY
We utilize the Large scale Atompic/Molecular Mas-
sively Parallel Simulator (LAMMPS) [40] and an ac-
curate embedded atom method potential, proposed by
Mishin [39], describing the atomic interaction in Cu, for
our MD simulations. The potential has been fitted to
reproduce physical properties such as stacking fault en-
ergy and elastic moduli, and widely used in lots of MD
2TABLE I. Characteristics and surface premelting temperatures for two groups of np-Cu samples with different system sizes.
ρr: relative mass density; Asolid: surface area; Vsolid: solid volume; γ: specific surface area; TC: collapse temperature of np-Cu;
TM: equilibrium melting temperature for defect-free bulk Cu.
Group # k Size (× 106) ρr (%) Asolid (× 10
4 nm2) Vsolid (× 10
4 nm3) γ (nm−1) TC/TM Dimension (nm
3)
Group I
A1 1 2.33 58.19 0.45 2.44 0.18 1.00
36.15×36.15×36.15
A2 2 2.33 58.22 0.91 2.45 0.37 0.96
A3 4 2.32 58.11 1.89 2.42 0.78 0.93
A4 6 2.33 58.22 2.92 2.43 1.20 0.89
A5 8 2.32 58.07 4.08 2.45 1.67 0.81
A6 10 2.35 58.70 5.11 2.40 2.13 0.70
A7 11 2.33 58.19 5.77 2.40 2.38 0.67
A8 12 2.33 58.18 6.36 2.42 2.63 0.59
A9 13 2.33 58.19 6.99 2.40 2.94 0.52
A10 14 2.33 58.22 7.58 2.42 3.13 0.48
Group II
B1 1 0.29 58.22 0.12 0.32 0.37 0.96
18.08×18.08×18.08
B2 2 0.29 58.68 0.25 0.32 0.77 0.93
B3 3 0.29 58.22 0.38 0.31 1.20 0.81
B4 4 0.29 58.07 0.51 0.31 1.67 0.78
B5 5 0.29 58.70 0.64 0.30 2.13 0.67
B6 6 0.29 58.11 0.80 0.30 2.67 0.59
B7 7 0.29 58.22 0.95 0.30 3.14 0.52
FIG. 1. Atomic configurations of relaxed single-crystal nanoporous Cu (np-Cu) with identical relative mass density (ρr ≈
58.20%), but different specific surface area γ ≈ 0.18 (#A1, a), 1.20 (#A4, b), and 2.63 nm−1 (#A8, c), respectively, with color
coding based on common neighbor analysis. FCC atoms and surface atoms are colored with green and gray, respectively.
simulations, inculding melting [41, 42], equation of state
[43], and plastic deformation [44].
To construct the MD models, we first use LAMMPS to
generate a single crystal cubic bulk oriented in the 〈100〉
directions, and the dimensions are ∼ 36.15×36.15×36.15
nm3. Then the diamond-liked open-cell np-Cu [45] is
obtained by removing atoms from the bulk crystal, which
obey
µ ≥ sin (2pix · k) sin (2piy · k) sin (2piz · k)+
sin (2pix · k) cos (2piy · k) cos (2piz · k)+
cos (2pix · k) sin (2piy · k) cos (2piz · k)+
cos (2pix · k) cos (2piy · k) sin (2piz · k),
(1)
where x, y, and z are the fractional coordination of re-
moved atoms, µ (-2.0 ≤ µ ≤ 2.0) and k are two key factors
to control the shape of nanopores in bulk, relative mass
density (ρr, the density ratio of the np-Cu with respect
to full density Cu), and specific surface area (γ), defined
as surface area (A) to solid volume (Vsolid). The specific
surface area of the np-Cu structure is computed with sur-
face analysis [46]. Increasing k and keeping µ constant,
µ=-0.2,, the shape and ρr almost keep invariant, ∼0.582,
and γ increases as the ligaments narrow. We here con-
struct 10 np-Cu with different specific surface area, and
three representative configurations are shown in Fig. 1.
The similar np-Cu with the smaller system size are also
attempted to check possible size effects, which comprise
about 0.29 million atoms with dimensions of ∼ 18.08 ×
18.08 × 18.08 nm3. The details of all np-Cu samples are
summarized in Table I.
The configurations are first relaxed with the conjugate
gradient method, and then melting simulations are per-
formed under three-dimensional periodic boundary con-
ditions with the constant-pressure-temperature ensem-
ble. Temperature, T , is controlled with a Hoover thero-
stat, and the isotropic pressure, with isotropic volume
scaling. The solids undergo incremental heating (300–
31800 K) into the liquid regime at ambient pressure, and
the temperature increment is 50 K per 100 ps at high
temperatures. The time step for integrating the equa-
tion of motion is 1 fs. At each temperature, the run
duration is 100 ps.
The local structure around an atom is character-
ized with the common neighbor analysis [47, 48], based
on which atoms are classified into face-centered cu-
bic (FCC), hexagonal close-packed (HCP), or unknown
types. Order parameter, ψ, introduced by Morris and
Song [49] is utilized to identify atoms in liquid and solid
structures, which has been successfully used to describe
the micromorphological and dynamics properties of melt-
ing under both equilibrium [38, 41] and non-equilibrium
conditions [50]. For each an atom, it is defined as
ψ =
∣∣∣∣∣
1
Nq
1
Nc
∑
r
∑
q
exp(iq · r)
∣∣∣∣∣
2
, (2)
where Nc is the coordination number and vector r refers
to the distance between the atom and its nearest neigh-
bors. The set of Nq direction vector q satisfying exp(iq ·
r)=1 is chosen for any vector r connecting nearest neigh-
bors in perfect fcc solid. The average local order param-
eter, averaged among the atom and its nearest neigh-
bors, is adopted to better describe local disordering. The
global order parameter,
Ψ =
1
N
∑
i
ψi, (3)
which is the average of ψ over all N atoms in the system,
is also used in the following discussion.
To definitively distinguish a melt (liquid) from crys-
talline and amorphous solids, self-diffusion coefficient, D,
is calculated with Einstein expression [51],
D = lim
t→∞
1
6t
MSD(t), (4)
from mean square displacement MSD,
MSD(t) = 〈|r(t)− r(0)|
2
〉. (5)
Here t denotes time, r is the atomic position, and 〈· · · 〉
denotes averaging over ensemble only.
III. RESULTS AND DISCUSSION
Collapse of np-Cu during thermal annealing
Our simulations present similar melting phenomena for
the np-Cu with different system size, that is the system
size effect can be neglected for this work. We here use np-
Cu samples with the larger system (∼36.15×36.15×36.15
nm3, Group I) for the following discussion. The initial
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FIG. 2. Volume (V/V0) versus temperature (T/TM) for Cu
nanoporous during incremental heating. Different symbols
denote np-Cu with different γ (#A1 − A10, Table I). A (or
D): the commence of collapse; B (or E): the finish of collapse;
F and G: the transition points for accelerating and deceler-
ating volume expansions, respectively. The dash, dotted and
dash-dotted lines denote the limit temperature of supercool-
ing (TM−), the equilibrium melting temperature (TM), and
the limit temperature of superheating (TM+), for defect-free
bulk Cu, respectively.
system-averaged volume V0, at 300 K, for all nanoporous,
are about 4.66×104 nm3. We here first clarify the defi-
nition of three temperatures, TM, TM− and TM+, used in
this work. TM is defined as the equilibrium melting tem-
perature of a defect-free bulk Cu system without surface
or other defects, which is about 1350 K [52], agreement
with that in experiment (∼1356 K) [53]. TM− and TM+
are the limit temperature of supercooling liquid and su-
perheating solids under equilibrium conditions, which are
about 900 K and 1650 K for Cu, respectively.
Figure 2 shows the temperature evolutions of system-
averaged volume, V , for 10 np-Cu samples (#A1−A10).
With the increase of temperature, V/V0 undergoes a lin-
ear increase nearly at first (I1 and I2) until an abrupt
drop in the slope (II1 and II2), owing to the “onset”
of collapse for all the nanoporous Cu. The np-Cu col-
lapse could be resulted from coarsening of nanopores [8]
or premelting [38, 41] from the surface, since tempera-
ture lies well below the equilbrium melting temperature
TM [54, 55]. The temperatures for collapse, TC, are ob-
served to decrease from 1350 K (T/TM = 1.0, D for #A1)
to 650 K (T/TM = 0.48, A for #A10) as the increase of
specific surface area, γ (see TABLE I).
Furthering to increase temperatures, two different evo-
lution modes are shown for the nanoporous Cu with dif-
ferent γ, and a critical specific surface area γcrit, is about
2.38 nm−1. For np-Cu with γ < γcrit (#A1 − A6), a
linear V/V0 rising stage (III1) follows the completion of
collapse (B), and their V − T functions are almost same
with each other. For np-Cu with γ ≥ γcrit (#A7−A10),
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FIG. 3. (a) and (b) Time evolution of MSDs in the surface region of np-Cu #A1 and #A8 at different temperature, respectively.
(c) Diffusion coefficients as a function of temperature, of liquid Cu (∗), and in the surface region of np-Cu#A1 − A6 and
#A7− A10 before the collapse (T ≤ TC). The solid line is the Arrhenius plot for Liquid Cu at zero pressure. (d) Relations of
diffusion coefficients and temperature of the np-Cu #A7–#A10 during the surface premelting (empty symbols), crystallization
and system melting (filled symbols).
V/V0 first increases linearly (III2) after collapse complet-
ing (E), which is below the T −V functions at stage III1
for np-Cu #A1 − A6. Then an abrupt increase stage of
V/V0 (IV2) is observed as T /TM ≥ 1, followed by a stage
of V2 as V/V0 increasing linearly and slowly, which shows
the similar processes with solid melting [38, 41]. It is be-
lieved to be solid phases for the np-Cu samples at the
stage of III2, while partial melting at IV2 and completed
liquid phases at V2 stages. Interestingly, V − T func-
tions at III1 and V2 are observed to well coincide with
each other, implying the completed melting during the
stage III1. It is deduced that the melting of nanoporous
dominates the collapse (II1) for np-Cu #A1 − A6. Dur-
ing the nanoporous melting, surface premelting should
be preferred owing to its instability and higher energy
[17]. However, surface melting is inadequate to describe
the collapse (II2) in np-Cu #A7 − A10, owing to the
solid stage of III2. We here assume a melting and re-
crystallization process occurs to accelerate the collapse
of nanoporous Cu at II2 stage.
To identify the surface premelting and recrystallization
processes in Cu nanoporous, self-diffusion coefficients, D,
for the surface atoms (the disordering atoms in Fig. 1),
are calculated from MSD at different heating tempera-
tures. Here, two MSD evolutions during the extended
equilibration period at different temperatures, for np-Cu
#A1 and #A8, are taken as the examples shown in Fig. 3
(a) and (b), respectively. For np-Cu #A1, MSDs(t) in-
crease linearly with different slopes, D, at different tem-
perature. The calculated D increases from 2.13 × 10−11
to 2.95 × 10−9 m2 s−1, as T increases from 900 to 1350
K. However, MSD(t) exhibits two distinct stages for np-
Cu #A8 at 800 K: rapid increase during the first 0–40 ps
(D ≈ 3.58× 10−10 m2 s−1), which is attributed to a par-
tial melting of surface, and followed by slower increase
(D ≈ 3.64 × 10−13 m2 s−1), owing to the crystalliza-
tion of supercooled melts. In contrast, MSD(t), at T =
500, 700 and 900 K, remain approximately constant, with
D ∼ 10−13 m2 s−1. The difference of orders of magnitude
in D between different temperatures supports the partial
melting of surface region for different Cu nanoporous.
To further verify the surface melting, we then compare
diffusion coefficients at different temperatures with those
of liquid copper at zero pressure [Fig. 3(c) and (d)]. Tem-
perature is varied for liquid copper in order to obtain an
Arrhenius plot, and its extention to TM/T > 1 means
supercooled liquid, which can be considered as the melt-
ing line. Under/in melting line, it represents a liquid;
otherwise a solid. At low temperatures, lnD for np-Cu
#A1 − A10 fluctuate around a constant value, ∼10−14
m2 s−1, but follow an approximately linear increase at
high temperatures owing to the acceleration of surface
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FIG. 4. The function of temperature for np-Cu collapse,
TC/TM, of nanoporous Cu (Group I and II) and Cu nanoparti-
cles [23] in the simulations, and specific surface area, γ. The
red solid line denotes the function of TM and γ according
to Eq. 16, respectively. The dotted and dash lines denote
the limit temperature of supercooling liquid and equilibrium
melting temperature, respectively.
diffusion. As T = TC, lnD at TC are located in the
melting line, implying the commence of surface melting
[Fig. 3(c)]. Further to increase temperatures (T > TC),
lnD for np-Cu #A1 − A6 are also observed to lie in
melting line, supporting the deduction above in which
surface melting promotes the collapse of surface (II1 in
Fig. 2). However, lnD for np-Cu A7−A10 are observed
to decrease abruptly at T = TC [Fig. 3(d)], which means
the recrystallization of liquid. Then it can be concluded
that surface melting and recrystallization is indeed dom-
inated in the np-Cu collapse for thermal-annealed np-
Cu #A7 − A10. Interestingly, their TC ≤ TM−, sug-
gesting the instable liquid phase. During stage III2,
lnD always lie below the melting line, and are shown
to increase via the incremental heating until Cu sam-
ples melt again. The second melting temperatures for
Cu nanoporous are observed to be T ≥ TM, indicating a
superheating which occurs in defect-, or surface-free bulk
Cu crystals [38]. All the second melting temperature for
Cu samples #A7−A10 are T < TM+, implying the exis-
tence of defects [41], and it will be discussed below.
Based on the results above, the relations of surface pre-
melting temperature (or collapse temperature) and spe-
cific surface area, γ, for np-Cu samples are obtained, as
shown in Fig. 4. Two sets of np-Cu samples with differ-
ent system size (Group I and II) are considered. An ap-
proximately linear decrease of melting temperature (TC)
of np-Cu is observed as increasing γ, which is in accor-
dance with the results of Cu nanoparticles [23]. Interest-
ingly, the effect of system size can be neglected, owing to
the same melting temperature for Group I and II np-Cu
with the same γ. Fitting the function of γ–TC with Eq. 16
in Appendix, it shows a perfect consistence with the re-
0.4 0.8 1.20.0
0.4
0.8
0 100 200 3000.0
0.3
0.6
0.4 0.8 1.20.0
0.4
0.8
0 100 200
0.4
0.6
Liquid
np
Melting
TC/TM
T /TM
 
 
np
Liquid
Melting
(b)
 time (ps)
 
 
(a)
Liquid
Bulk Cu
Bulk Cu
(d)
Recrystallization
Surface Melting
Bulk Melting
TC/TM
Recrystallization
Surface Melting
np
T /TM
np
(c)
 
time (ps)
FIG. 5. Global order parameter, Ψ, as a function of tem-
perature (a) and (c) and of time at 1350 K (b) and 800 K
(T/TM ≈ 1 and 0.59), for np-Cu #A1 (blue) and #A8 (red),
respectively.
sults of nanoparticles and nanoporous. Consequently, the
melting of nanostructures is dependent strongly on spe-
cific surface area, and we can predict their melting tem-
peratures from the function. In addition, it also implies
that only surface melting occurs for the nanostructures
with melting points TM− < T ≤ TM , while a transient
melting and following recrystallization predominates for
ones with melting points below TM−.
Surface melting processes
To reveal the surface melting of np-Cu, it is neces-
sary to characterize the nucleation and growth process at
atomistic scale. The global order parameter, Ψ, an im-
portant factor to distinguish the liquid and solid phase, is
computed to describe the nucleation and growth of melt-
ing in nanoporous Cu (Fig. 5). For a bulk Cu in liquid
stage, Ψ ≈ 0.12; we thus define an atom as a “strict liq-
uid” with high disordering and mobility [56], if ψ = 0.12.
Liquid atoms tend to aggregate into the clusters, leading
to the liquid growth [38]. The cluster analysis [46] of liq-
6FIG. 6. Configurations of #A1 np-Cu colored with CNA and corresponding liquid atoms during melting at 1350 K. Liquid
atoms within the first, second, and third largest clusters are color coded as blue, light-blue, and green, respectively. The surface
is represented by the pink membrane.
FIG. 7. Configurations of #A8 np-Cu colored with CNA and corresponding liquid atoms during melting during incremental
heating. Color coding is same with Fig. 6.
uid atoms is conducted here. When two atoms are within
the nearest-neighbor distance with each other, they can
be considered as belonging to the same cluster, whose size
is defined as the number of liquid atoms within a clus-
ter. Shown in Figs. 6–7 are the configuration of liquid
clusters during melting. Here, two typical nanoporous
(#A1 and #A8) are taken as the examples. Their melt-
ing modes are different as their different specific surface
area γA1 ≈ 0.18 < γcrit and γA8 ≈ 2.63 > γcrit, respec-
tively, corresponding to their different collapse modes dis-
7FIG. 8. (a) Local surface configuration for np-Cu #A1 (the square region inset) initially, color-coded by coordination analysis.
Different coordination number (CN) denoted by a serials of numbers (6–11) represent different surface sites. (b) Evolution of
surface atoms with different CN in np-Cu #A1 during incremental heating.
cussed above.
For np-Cu #A1, Ψ decreases steadily and slowly at
first, and then drops abruptly from 0.62 to 0.12, which
means the complete melting of solid in the samples
[Fig. 5(a)]. The transition temperature is T ≈ 1350 K
(T/TM ≈ 1.0), consistent with the collapse temperature,
TC above (Fig. 2). We also compute Ψ(t) for np-Cu #A1
by furthering heating at 1350 K with the running dura-
tion of 320 ps [Fig. 5(b)], to describe the evolution process
of transition. Continuous heating precipitates the nucle-
ation of surface melting, and Ψ starts to decrease at t ≈
45 ps from 0.62 to 0.12. Sequentially pronounced fluctu-
ations, stable nuclei, and catastropic growth are shown
during the process (Fig. 6). Subcritical nuclei appear at
the outer surface via fluctuation in locations and times (t
< 60 ps, Fig. 6), and supercritical nuclei then become sta-
blized and grow at t ≥ 60 ps. Then liquid clusters grow
towards interior grains, giving rise to the void shrink and
ligament pinch-off in nanoporous Cu (t = 90 and 120 ps,
Fig. 6). Finally, all voids in np-Cu are observed to be
filled by liquid atoms, leading to a completed collapse
of surface and the reduction of volume at 180 ps. The
melting completes as t > 230 ps, with an invariable Ψ
approximately, Ψ ≈ 0.12.
For np-Cu #A8, interestingly, two decrease stages in
Ψ are presented as the incremental heating [Fig. 5(c)],
different with np-Cu #A1. The first reduction takes
place at T ≈ 800 K, where Ψ reduces rapidly from
0.72 to 0.24 owing to the nucleation of surface melting,
followed by the collapse of nanoporous. At this stage
partial atoms in np-Cu transform from solid/quasisolid
atoms to liquid/quasiliquid atoms, accelerating the an-
nihilation of pores and collapse. The processes of nu-
cleation and growth for surface melting are shown in
Fig. 7. These liquid or quasiliquid atoms can be crys-
tallized again as T < TM− K, and Ψ increases from 0.24
to 0.66. The dynamic processes of melting and crystal-
lization can also be described by Ψ(t) [Fig. 5(d)]. The
surface-free bulk Cu crystal, containing such defects as
stacking faults, twins and disordering solids (character-
ized by CNA), is formed as the completion of crystal-
lization [900 K (T/TM = 0.67), Fig. 7]. These defects
are the sources of melting as heating in further, which
accelerates the melting of bulk Cu crystal and reduces
its superheating, T = 1450 K (< TM+), verifying the as-
sumption above. Then Ψ drops rapidly again from 0.62
to 0.12 as the occurrence of completed melting at 1500
K [T/TM = 1.11, Fig. 7].
Surface reconstruction
The phenomena of surface premelting and collapse
globally in the np-Cu are presented above, and it shows a
strong dependent of specific surface area, γ. It is known
that the melting of defects, such as grain boundaries, is
related to microstructure evolution, which is significant
to understand the phenomenology and underlying mech-
anism [57, 58]. Thus we next examine detailed surface
microstructure evolutions via thermal annealing. It also
reveals the possible implications and connections to sur-
face premelting. Here np-Cu #A1 is taken as the example
8FIG. 9. The process of surface reconstruction and surface premelting nucleation at 1350 K (TM) for np-Cu #A1 during
incremental heating. White spheres denote the liquid atoms, and color-coded with CN, same with Fig 8(a). Only atoms with
CN < 12 are displayed.
as shown in Figs. 8–9.
Coordination analysis [46] are performed after imple-
menting quench, to describe the surface microstructure.
The atoms with coordination number, CN < 12, are de-
fined as the surface atoms here, as shown in Fig. 8(a). In
our constructed np-Cu, it is observed that the coordina-
tion number of the surface atoms at (100) facet and the
close-packed (111) facet are CNs(100) = 8, and CNs(111) =
9 [59], respectively. Several kinked-lines [60] are formed
between two (111) (or 100) facets, where the atoms with
CNkl,ed = 7 at the outer surfaces, considered as the edge
of facets [61]; while CNkl,sub = 11 at the subsurfaces. Be-
tween two edges, some kinked points, where the atoms
with CNkp,out = 6 and CNkp,inner = 8, are distributed
at the out and inner edges on the surfaces, defined as
vertices [62]; and CNkp,sub = 10 at the subsurfaces.
Increasing ambient temperature, it accelerates the dif-
fusion of atoms, and more subsurface atoms could dif-
fuse towards the surface, giving rise to the increase of
surface atoms number (Nsurf), as shown in Fig. 8(b). It
simultaneously triggers the surface reconstruction, lead-
ing to the change of local structure and surface energy
for nanoporous. The evolution of surface rearrangement
is shown in Fig. 8(b). It is observed that surface recon-
struction undergoes about four stages, denoted as I–IV.
At the first stage (stage I, T/TM < 0.44), surfaces keep
smooth and stable [600 K (T/TM = 0.44), Fig. 9]. All
of the atoms with different CN (NCN) are almost con-
stant. Further to raise the temperature (0.44 ≤ T/TM <
0.63, stage II), the kink sites, including edge of facets
(kinked lines) and vertices (kinked points) first change,
leading to an apparent decrease of NCN for atoms at ver-
tices with CNkp,out = 6, but a rise of NCN for atoms at
edge with CNkl,ed = 7. The other surface sites almost
keep stable. Thus the surfaces remain smooth, except
the transformation of kinked lines from the curve-shaped
to some continuous-steps-shaped ones (800 K, Fig. 9).
Then NCN of edge atoms (CNkl,ed = 7) decrease at stage
III (0.63 ≤ T < 0.81), giving rise to the increase of
NCN for the atoms at (111) facets (CNs(111) = 9). The
kinked lines become shorter and “chaotic”, in contrast
to the regular straight edges, causing the surface rough-
ening [1050 K (T/TM = 0.78), Fig. 9]. As T ≥ 1100 K
(T/TM ≥ 0.81,stage IV), NCN for atoms at edged lines
and (111) facets decrease distinctly, accompanied by the
substantial increase of NCN for atoms CN = 11. Dense of
“chaotic” and shorter kinked lines are distributed on the
surfaces [1300 K (T/TM = 0.96), Fig. 9], accelerating the
surface roughening. Surface roughening then facilitates
the nucleation and growth of vacancies in the subsurface
and even the interior of crystals, which boost the inner
disordering.
Surface melting begins as further to increase tempera-
tures, and prefers to nucleate at the “chaotic” sites with
9dense of kinks [1350 K (T/TM = 1.0), Fig. 9], where the
maximum “disordering” and free volume are presented,
and the energy barrier to melt nucleation is the lowest,
rather than smooth and “ordered” (111) facets at 1350 K.
Melt propagates along the surface and then spreads into
grain interiors by absorbing vacancies clusters or intersti-
tial atoms near the inner faces. For other np-Cu samples
with higher γ, it shows the similar surface reconstruction
phenomena, although their melting temperatures are dif-
ferent.
IV. CONCLUSION
Our MD simulations demonstrate an apparent effect
of specific surface area, on the collapse for a set of open-
cell nanoporous Cu with the same porosities and shapes
almost, during thermal annealing. Surface premelting
dominates in their collapses, and surface premelting tem-
peratures reduce linearly with increasing the specific sur-
face area. The collapse mechanisms are different with dif-
ferent specific surface area. For np-Cu with the smaller
specific surface area (γ ≤ 2.38 nm−1), surface premelting
is the cause to lead their collapse. While preferential sur-
face premelting and following recrystallization predomi-
nate the pinch-off in np-Cu with γ > 2.38 nm−1, where
recrystallization arises at temperatures below supercool-
ing (TM−) owing to the instability and instance for liq-
uid. Thermal-induced surface reconstruction prompts
surface premelting by accelerating local “disordering”
and “chaotic” in the surface, which are the preferred sites
for surface premelting.
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APPENDIX
To describe the nucleation of melting in nanostruc-
tures, the Gibbs-Thomson equation, derived from clas-
sical nucleation theory (CNT) [63], is used. For a solid
spherical nanoparticle with the size of d, the change of
Gibbs free energy during melting is expressed as [64, 65]
∆G = −pid3∆GV/6 + pid
2σsl, (6)
where σsl is the solid-liquid interfacial energy; ∆GV is
Gibbs free energy difference per unit volume between
solid and liquid phase, and
∆GV = (1− T/TM)∆Hf/Vs, (7)
here ∆Hf is the latent heat of fusion, and Vs is the molar
volume of solid phase. When maximizing ∆G, Gibbs-
Thomson equation, describing the relation of particle size
and corresponding melting temperature, is obtained [66,
67]
T = TM
(
1−
ζ
d
)
, (8)
and
ζ = 4σslVs/∆Hf . (9)
For a nanoparticle, σsl is size dependent [68, 69], and
σsl(d) =
2Svib(d)∆Hf (d)h
3VsR
. (10)
Here R is the ideal gas constant, ∼8.314 J mol−1 K−1;
h is the atomic diameter, ∼0.256 nm for Cu; and Svib is
the vibrational contribution of overall melting entropy of
bulk crystals, which is a weak function of d, and could be
ignored as a first-order approximation [21], that Svib(d)
≈ Svib(∞) ≈ 7.85 J mol
−1 K−1 [23]. Substituting σsl(d)
and Svib(d) into Eq. 9, we have
ζ = 8hSvib(∞)/3R. (11)
It reasonably matches the experimental data with d ≥ 10
nm [70, 71] as the crystal retains its bulk values of σsl,
∆Hf and Svib [66, 72]. However, it fails for small-sized
nanoparticles, adopting nonspherical shapes [73–75] with
a large γ. Here, a shape factor [24, 26], δ=ANP/ASN,
where ASN is the surface area for a spherical nanoparticle
and ANP is the surface area of a nonspherical nanopar-
ticle with the same volume as spherical nanoparticle, is
used to describe the shape effect of nanoparticles. For
a solid nonspherical particle with size of d and shape
factor of δ, its surface area Asolid = δpid
2. Combined
with Eqs. 6–9, the melting temperature of nonspherical
nanoparticle is
T = TM
(
1−
δζ
d
)
. (12)
The melting temperature of np-Cu with the identical
sized nanopores, should be equal to that for the nanopar-
ticle with the same size and shape. For a closed-cell
np-Cu containing N spherical nanopores with an iden-
tical size, d, we assume that Vsp,unit and Asp,unit are
the volume and surface area of a spherical nanopore, re-
spectively. The system volume, solid volume and total
surface area of sphere-shaped nanopores in the samples
are denoted as Vsys, Vsolid, and Asp, respectively. Here
NVsp,unit = Vsys−Vsolid, andNAsp,unit = Asp. It is noted
10
that Asp = Asolid, the surface area of solid, for the np-Cu
with sphere-shaped nanopores. Consequently, the size of
spherical nanopore is
d =
6Vsp,unit
Asp,unit
=
6(Vsys − Vsolid)
Asp
. (13)
As γ = Ssolid/Vsolid, ρr = Vsolid/Vsys, and Asp = Asolid,
Eq. 13 can be rewritten as
d = µ/γ, (14)
where µ = 6(1 − ρr)/ρr. For np-Cu containing N non-
spherical nanopores, Asp < Asolid = NAnp,unit, where
Anp,unit is the surface area of a nonspherical nanopore.
Then Eq. 14 can be rewritten as
d = δµ/γ, (15)
here δ is the shape factor, and δ = Asolid/Asp.
For an open-cell np-Cu, it can be considered to con-
tain a nonspherical nanopore, whose size is d =
3
√
6(Vsys − Vsolid)/pi. Thus the melting temperature of
open-cell np-Cu fomas can be obtained
T = TM (1− ζγ/µ) , (16)
indicating that the melt of nanoporous is the function
of specific surface area (γ), liquid-solid interfacial energy
(σsl in ζ), and mass density (ρr in µ). For our constructed
np-Cu, ρr are almost constant, ∼ 58.20%; and their sizes
are almost the same, d ≈ 35.0 nm > 10 nm, implying σsl
is the bulk values.
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